Rhodococcus equi is an opportunistic pathogen in immunocompromised humans and an important primary pathogen in young horses. Although R. equi infection can produce life-threatening pyogranulomatous pneumonia, most foals develop a protective immune response that lasts throughout life. The antigen targets of this protective response are currently unknown; however, Mycobacterium tuberculosis is a closely related intracellular pathogen and provides a model system. Based on previous studies of M. tuberculosis protective antigens released into culture filtrate supernatant (CFS), a bacterial growth system was developed for obtaining R. equi CFS antigens. Potential immunogens for prevention of equine rhodococcal pneumonia were identified by using immunoblots. The 48-h CFS contained five virulence-associated protein bands that migrated between 12 and 24 kDa and were recognized by sera from R. equi-infected foals and immune adult horses. Notably, the CFS contained the previously characterized proteins VapC, VapD, and VapE, which are encoded by genes on the R. equi virulence plasmid. R. equi CFS was also examined for the ability to stimulate a type 1-like memory response in immune horses. Three adult horses were challenged with virulent R. equi, and cells from the bronchoalveolar lavage fluid were recovered before and 1 week after challenge. In vitro stimulation of pulmonary T-lymphocytes with R. equi CFS resulted in significant proliferation and a significant increase in gamma interferon mRNA expression 1 week after challenge. These results were consistent with a memory effector response in immune adult horses and provide evidence that R. equi CFS proteins are antigen targets in the immunoprotective response against R. equi infection.
Rhodococcus equi is a gram-positive, facultative, intracellular bacterium. Pneumonia due to R. equi is an important cause of morbidity and mortality in horses. R. equi is also an opportunistic pathogen in immunocompromised humans, especially patients with AIDS, in which it produces pyogranulomatous lesions resembling tuberculosis (13, 25, 43) . In horses, rhodococcal pneumonia is a disease of foals that are between 2 and 5 months old. The organism is ubiquitous in herbivore manure and surface soil in the equine environment (19, 39) . Thus, virtually all foals are exposed to R. equi through inhalation or ingestion; however, the vast majority of foals develop protective immune responses which operate throughout life to prevent disease. As a result, rhodococcal pneumonia is not seen in adult horses, even on farms where the disease is endemic and where a significant percentage of the foals develop disease due to R. equi infection.
The exact mechanism of the protective immune response is unknown; however, there is substantial evidence that immune clearance of R. equi in horses is the result of a type 1-like pulmonary recall response. Adult horses challenged with virulent strains of R. equi effectively clear organisms from the lungs in association with an increase in pulmonary CD4 ϩ and CD8 ϩ T-lymphocytes (18) . As determined by a flow cytometric method for detection of intracytoplasmic cytokines in bronchoalveolar lavage fluid (BALF) cells, clearance is associated with an increased number of T-lymphocytes that produce gamma interferon (IFN-␥) (20) . Pulmonary T-lymphocytes collected following challenge proliferate in response to stimulation with R. equi antigen and produce increased levels of IFN-␥ but not interleukin-4 (26) . Importantly, the adult horse model demonstrates the protective phenotype and likely reflects the type of response that an effective vaccine has to induce in foals. Thus, immune adult horses provide a model for identifying protective responses against R. equi. A vaccine that effectively induced these protective responses early in life would be used widely in foals and would have a significant impact on morbidity and mortality. However, the antigens that stimulate this protective immune response are unknown. In order to further investigate immunogenic antigens of R. equi, we modeled our approach on previous research performed with the closely related organism Mycobacterium tuberculosis. R. equi and M. tuberculosis are both nocardioform actinomycetes that have genomes with high GϩC contents and cell walls containing mycolic acid (16) . These organisms are also similar in that they both infect and survive within alveolar macrophages, where they replicate within the phagosome and prevent phagolysosomal fusion (7, 17, 36, 45) . Studies to identify targets of protective immune responses against M. tuberculosis have recently focused on secreted proteins present in culture filtrate supernatants (CFS). Secreted proteins of M. tuberculosis are released into the medium during growth and accumulate over time (2) . Several studies have demonstrated that actively secreted proteins of M. tuberculosis induce cell-mediated responses in animals and humans (4, 6, 9, 21, 33, 44) . The evidence that secreted proteins may be important in immunity to M. tuberculosis includes observations that CD4 ϩ T-lymphocytes from immune mice proliferate and produce IFN-␥ in response to these antigens (5) and that CD4 ϩ T-lymphocytes from humans with active minimal tuberculosis secrete IFN-␥ when they are stimulated with M. tuberculosis CFS proteins (9, 44) . Furthermore, peripheral blood mononuclear cells from tuberculin-positive humans proliferate when they are stimulated with the 10-and 38-kDa M. tuberculosis secreted antigens (28, 29) . A number of studies have demonstrated that immunization with secretory proteins of M. tuberculosis or with DNA encoding secreted antigens in CFS provides protective immunity in guinea pigs and mice when the animals are subsequently challenged with M. tuberculosis (10, 12, 21, 27, 31, 32) .
Due to the similarity between R. equi and M. tuberculosis and the finding that M. tuberculosis CFS proteins are immunoprotective, we hypothesized that proteins in R. equi CFS would be immunogenic in infected foals and stimulate a type 1-like recall response in immune adult horses. To test this hypothesis, R. equi CFS proteins were identified by using immunoblots probed with sera from R. equi-infected foals and immune horses. In addition, the CFS was evaluated for the presence of previously described proteins encoded by the R. equi virulence plasmid. The CFS was then examined for the ability to induce proliferation of and IFN-␥ expression by pulmonary T-lymphocytes isolated from the lungs of horses immune to R. equi.
MATERIALS AND METHODS

Bacteria.
The following bacterial strains were used in experiments described in this paper: R. equi ATCC 33701, a virulent, plasmid-bearing strain; plasmidcured R. equi ATCC 33701 PC, a strain lacking the virulence plasmid; and a clinical isolate of Corynebacterium pseudotuberculosis provided by the Washington Animal Disease Diagnostic Laboratory. All bacterial strains were stored as stabilates and were kept at Ϫ86°C prior to use. Each bacterium was reconstituted, and a single colony was selected and grown in 10 ml of brain heart infusion (BHI) medium (Difco Laboratories, Detroit, Mich.) for 7 h at 37°C and pH 7.0 with shaking. The 10-ml culture was added to an additional 90 ml of BHI medium and grown at 37°C and pH 7.0 for 16 h with shaking. The BHI medium culture was then rediluted 1:10 in 90 ml of Dulbecco's modified Eagle medium (DMEM) (Gibco/Invitrogen, Grand Island, N.Y.) (pH 7.0) and grown at 37°C for 4, 8, 24, 48, 96 , or 144 h with shaking for the growth curve experiments. In the case of time zero in the growth curve experiments, the bacterial cultures were harvested immediately after 1:10 redilution in DMEM. For all other experiments, the bacterial cultures were prepared similarly and grown for 48 h with shaking. C. pseudotuberculosis was grown like R. equi for use as a control antigen (see below). R. equi ATCC 33701 and ATCC 33701 PC were also grown in 100 ml of BHI medium for 24 h at 37°C with shaking for use as positive and negative controls, respectively, in immunoblotting.
Preparation of CFS of R. equi ATCC 33701, R. equi ATCC 33701 PC, and C. psuedotuberculosis. Cultures were centrifuged at 5,200 ϫ g for 15 min at 4°C with a Beckman-Coulter Avanti J-25, and the supernatants were sterile filtered by using a 0.22-m-pore-size membrane (Millipore, Bedford, Mass.). The supernatants were concentrated 100-fold by using a 10,000-molecular-weight concentrator (Centricon Plus-80; Amicon, Danvers, Mass.) according to the manufacturer's instructions and were dialyzed by extensive washing with sterilized, distilled water while they were in the ultrafiltration device. DMEM containing 10% BHI was sterile filtered and concentrated exactly like the bacterial CFS preparations for use as a medium-alone negative control in immunoblotting, lymphoproliferation, and real-time reverse transcription (RT)-PCR analyses. The protein contents of all preparations were determined by performing a Micro-BCA protein assay with an albumin standard according to the manufacturer's instructions (Pierce, Rockford, Ill.).
Preparation of soluble R. equi antigen. R. equi ATCC 33701 was grown in BHI medium for 72 h at 37°C and pH 7.0 with shaking, harvested by centrifugation at 5,000 ϫ g for 15 min, and washed with sterile phosphate-buffered saline. Two milliliters of the bacterial pellet was resuspended in 10 ml of phosphate-buffered saline and frozen at Ϫ20°C for 2 h. The pellet was thawed, sonicated for 3 min, centrifuged at 12,000 ϫ g for 15 min, and then disrupted by three freeze-thaw cycles at Ϫ80°C. After the third cycle, the bacterial homogenate was centrifuged again at 25,000 ϫ g for 1 h to separate the soluble components from the intact bacteria and debris. The supernatant was collected to obtain the soluble R. equi antigen used in proliferation assays and real-time RT-PCR. The protein content was determined by a Micro-BCA protein assay.
SDS-PAGE and immunoblotting. DMEM-BHI, CFS, and bacterial pellets were boiled with a solution containing 350 mM Tris-Cl, 33% glycerol, 3.3% sodium dodecyl sulfate (SDS), 3.3% ␤-mercaptoethanol, and 0.004% bromphenol blue; separated under nonreducing conditions by SDS-polyacrylamide gel electrophoresis (PAGE) by using a 12% acrylamide separation gel; and transferred electrophoretically to a nitrocellulose membrane (Hybond; Amersham Pharmacia Biotech Inc., Piscataway, N.J.). For the experiment whose results are shown in Fig. 5B , a 12% 2D-Prep gel (Bio-Rad Laboratories, Hercules, Calif.) was used, and 1.74 mg of 48-h CFS protein was loaded in a lane covering the entire gel in order to accurately interpret protein band comigration. For all other immunoblots, CFS and/or pellet antigen was loaded into individual lanes, as indicated below. Nitrocellulose membranes were incubated with sera from foals infected with R. equi (verified by isolation from transtracheal wash fluid), sera from immune horses 2 weeks postchallenge with R. equi ATCC 33701 (horses were shown to be immune by effective clearance of R. equi infection) (26) , an anti-VapA monoclonal antibody (monoclonal antibody 10G5, provided by Shinji Takai) (38) , or a monospecific rabbit antiserum to detect the presence of VapC, VapD, or VapE. VapA is a surface protein, and VapC, VapD, and VapE have been characterized previously as secreted proteins encoded by the R. equi ATCC 33701 virulence plasmid (11) . Horseradish peroxidase-conjugated goat antihorse, goat anti-rabbit, or goat anti-mouse immunoglobulin G (Kirkegaard & Perry, Gaithersburg, Md.) was used as a secondary antibody at a 1:20,000 dilution. The primary antibody dilutions used are given in the figure legends, and sera were obtained from the following foals and horses: foal 07 (see Fig. 2 and 5B); foals 136, CA11, and 151 (see Fig. 3A) ; and horses N124, 20, and 02 (see Fig. 3B and 4) . Bound antibodies were detected by using a chemiluminescent substrate kit (ECL; Amersham Pharmacia Biotech Inc.).
Preparation of R. equi for bronchial challenge. Frozen R. equi stabilates were reconstituted, and a single colony was selected and grown in BHI medium for 14 h at 37°C and pH 7.0 with shaking. The culture was centrifuged at 800 ϫ g, and the bacterial pellet was washed three times with saline. Then the organism was resuspended in saline at a final concentration of 2 ϫ 10 7 cells/ml. To confirm the presence of the virulence plasmid in the R. equi strains used in this study, bacteria were periodically tested for VapA expression by using immunoblots (R. equi soluble antigen [SRA] or bacterial pellet) probed with monoclonal antibody 10G5.
BAL and pulmonary challenge. All animal experiments were conducted in compliance with relevant federal guidelines and the Animal Care and Use Program of Washington State University. Previous studies have shown that peripheral blood mononuclear cells are not a sensitive indicator of the local pulmonary responses involved in clearance of R. equi (18) ; therefore, T-lymphocytes were isolated from the lungs of horses. Three clinically normal thoroughbred horses (horses 44, 71, and 02, which were 5, 17, and 28 years old, respectively) were studied. Two weekly bronchoalveolar lavages (BALs) were performed on each horse as previously described (18) . Briefly, horses were mildly sedated with butorphanol and xylazine. An endoscope was passed nasally and directed into the right and left cranial lobar bronchi. A total of 540 ml of 0.9% sodium chloride-0.06% sodium bicarbonate (pH 6.5) was instilled into the right and left lungs in three 180-ml doses. After each instillation of 180 ml of saline, the BALF was aspirated for analysis. During the first BAL procedure (day 0) after both lungs had been completely aspirated, each lung was inoculated with 2 ϫ 10 7 R. equi cells suspended in 5 ml of saline, and the endoscope was flushed with 60 ml of air just prior to removal. The second BAL (day 7) was performed by using the same procedure, except that no R. equi was instilled. On the day of each BAL procedure, blood was obtained via jugular venipuncture and submitted to the Washington State University Clinical Pathology Laboratory for determination of fibrinogen levels and complete blood counts. Following each BAL, the horses were placed in a stall for 1 week and monitored for fluctuations in rectal temperature and pulse and respiration rates. Previous work in our lab has shown that when infected in one lung, adult horses effectively clear the infection without major clinical signs in association with local, antigen-specific recall responses. Here we chose to infect both lungs in order to recover the maximum number of cells associated with a local recall response. Each horse infected in this study developed a transient fever of 39.4 to 40°C; however, all three horses effectively cleared the infection and had fibrinogen levels within the normal range 1 week postinfection. One horse developed a mild upper respiratory infection, and thus a more in-depth assessment was conducted, which included auscultation of the lungs with a rebreathing bag. This horse effectively cleared the respiratory infection 1 week after challenge, as determined by a lack of abnormal lung sounds and a negative BALF culture; thus, no antibiotics were administered.
BALF cell preparation. The BALF was centrifuged at 400 ϫ g for 8 min. The pelleted cells were resuspended and washed three times with RPMI (Gibco) containing 0.05 mg of gentamicin per ml, 25 mM HEPES, 3.5 ϫ 10 Ϫ6 M ␤-mercaptoethanol, 100 mM L-glutamine (RPMI), and 2.5 g of Fungizone per ml. If red blood cells were grossly apparent, cell pellets were incubated with 0.87% ammonium chloride for 5 min after the first wash. Cells were resuspended in RPMI containing 10% horse serum at a concentration of 2 ϫ 10 6 cells/ml for a 1-h macrophage adherence analysis in 175-cm 2 tissue culture flasks (Becton Dickinson Labware, Franklin Lakes, N.Y.). Nonadherent cells were washed and resuspended at a concentration of 2 ϫ 10 6 cells/ml for proliferation assays and quantification of IFN-␥ mRNA.
Proliferation assay. BALF cells were assayed in quadruplicate wells in roundbottom 96-well microplates (Sarstadt Inc., Newton, N.C.) as previously described (18) . Briefly, 4 ϫ 10 5 cells were incubated with R. equi CFS, C. pseudotuberculosis CFS, or concentrated DMEM-BHI (all at four concentrations, 1, 2.5, 10, and 25 g/ml) or with soluble R. equi antigen (2.5 and 10 g/ml) for 96 h at 37°C in 5% CO 2 . Optimal stimulation was achieved with 10 g of protein/ml (data not shown); therefore, 10 g of DMEM-BHI per ml and each antigen were used in proliferation assays and in cytokine analyses. As a positive control, cells were also stimulated with pokeweed mitogen at a concentration of 5 g/ml for 36 h at 37°C in 5% CO 2 . The cells were incubated for an additional 21 h after addition of 0. Quantification of IFN-␥ mRNA. For antigen-specific IFN-␥ expression, cells were incubated as described above for the proliferation assay. After incubation for 24 h in 25-and 75-cm 2 tissue culture flasks (Corning Inc., Corning, N.Y.) before and after intrabronchial challenge, respectively, the cultures were harvested as previously described (26) . A culture period of 24 h was chosen to measure IFN-␥ mRNA expression based on previous time course studies (15, 26; David Horohov, personal communication). RNA was immediately extracted with an RNeasy kit (Qiagen Inc., Valencia, Calif.) used according to the manufacturer's specifications. To eliminate contaminating DNA, RNA was subjected to a DNase treatment for 30 min at 37°C. The concentrations of RNA in samples were estimated by determining the optical densities at 260 and 280 nm, and cDNA was generated by using 1 g of RNA with murine leukemia virus reverse transcriptase and random hexamers in a reaction for 20 min at 42°C. To confirm that no genomic DNA was present, portions of the DNase-treated RNA samples were used in cDNA reaction mixtures without reverse transcriptase (no-reverse transcriptase controls). The cDNA was then used to detect expression of IFN-␥ by real-time PCR. BAL cells from a horse that was not challenged with R. equi were stimulated with pokeweed mitogen for 24 h under similar conditions and used to generate a linear standard curve for IFN-␥ transcription in real-time PCR.
Expression of equine IFN-␥ and of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in BAL cells was determined by performing real-time PCR with previously described primers (26) . Briefly, the fluorescent dye SYBR Green was used to measure amplified products in a thermocycler (iCycler; Bio-Rad Laboratories). Reactions (volume of reaction mixtures, 25 l) were performed in 96-well plates containing 50 ng of cDNA, 1ϫ SYBR Green buffer, 1.5 mM MgCl 2 , each deoxynucleoside triphosphate at a concentration of 1 mM, 0.04 U of uracil N-glycosylase (Amperase), and 0.2 U of AmpliTaq Gold polymerase. For each 96-well plate, a standard curve for IFN-␥ and GAPDH was generated by using a dilution series of cDNA from a horse that was not challenged with R. equi. The resulting curves were used as standards to control for variation between plates. All samples were analyzed in triplicate, and amplification was performed by using the following procedure: 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s. Transcript levels were determined for each sample by comparing the threshold cycle values of IFN-␥ and GAPDH to the corresponding standard curves. The transcript levels of IFN-␥ were normalized by using the transcript level value for GAPDH from the same sample (IFN-␥/GAPDH). In each real-time PCR, reaction mixtures containing no cDNA were included to control for extraneous DNA within the reagents.
Statistical analyses. Statistical analyses were performed by using the SAS statistical package, version 8 (SAS Institute Inc., Cary, N.C.). Significant differences in proliferative responses and IFN-␥ expression on days 0 and 7 were determined by using a randomized complete block design, followed by the Bonferroni multiple-comparison test. Significant differences in proliferative responses and IFN-␥ expression between samples obtained before and after challenge were detected by using a repeated-measure randomized complete block design, followed by the Bonferroni multiple-comparison test. For all statistical analyses, the horse-antigen interaction was used as the error term for horse (block effect) and antigen. The blocking effect was significant in the analyses; thus, the randomized complete block design was used in this study. Data that were not normally distributed were transformed by using the square root transformation; transformation of data did not change the significance in any analysis. P values less than 0.05 were considered significant.
RESULTS
Growth of R. equi for CFS preparation. The growth of R. equi and the accumulation of proteins in the CFS were determined over a 144-h period (Fig. 1) . The number of bacteria steadily increased for 96 h, and from 96 to 144 h the growth decreased. The total CFS protein content was at a plateau from 4 to 24 h and then began to increase until 96 h of growth. Between 96 and 144 h there was a substantial increase in the CFS protein content. This marked increase coincided with a decline in bacterial growth, which was consistent with passive release of nonsecreted proteins from dead and dying bacteria into the CFS.
Identification of immunogenic proteins in R. equi CFS. To identify proteins recognized by antibody during R. equi infection and to characterize the appearance of the proteins in CFS over time, immunoblots were probed by using serum antibodies from a foal with active rhodococcal pneumonia. The results after 4, 48, and 144 h of culture are shown in Fig. 2 . Ten to twelve immunogenic proteins were identified in R. equi CFS. Importantly, the pattern of proteins detected in CFS as defined by the location and intensity of the bands in each lane (Fig. 2,   FIG. 1 (Fig. 2, lane 10) . No proteins were recognized in the CFS medium control (Fig. 2, lane 3) , which consisted of DMEM with 10% BHI. The protein bands identified in CFS by this immunoblot analysis were divided into two subgroups based on relative migration in SDS-PAGE gels. A group of five distinct proteins with calculated molecular masses of 12 to 24 kDa were present in CFS after 4 h of culture and at all subsequent times. The locations of these bands appeared to be slightly different after 48 and 144 h of culture than after 4 h, and the bands were slightly more intense at 48 h and slightly less intense at 144 h.
A second group of CFS proteins had calculated molecular masses between 56 and 99 kDa. The migration patterns of the proteins in this molecular mass range were different after 4 and 48 h of culture, and the intensities of the bands in this part of the blot were significantly diminished after 144 h of culture. An additional broad band at 50 kDa was detected in the 144-h CFS (Fig. 2, lane 8) and was also present in the 4-and 48-h pellets. In accordance with the observed increase in the growth of bacteria between 48 and 144 h (Fig. 1) , the amount of antigen in the pellet increased during this time (Fig. 2, lanes 7, 9, and  10) . Media from cultures in the late logarithmic growth phase (e.g., 144 h) contained increasing amounts of nonsecreted, cytoplasmic proteins due to passive release from dead and dying bacteria (2). Since our goal was to identify proteins that are actively secreted by live bacteria, 48-h CFS was used for further characterization.
In order to determine whether the proteins identified in CFS were uniquely recognized by antibodies from the one foal or were more broadly recognized by serum antibodies from all infected horses, CFS and pellet antigen were probed by using sera from 12 additional foals with active rhodococcal pneumonia and by using sera from five adult horses. The results for three representative foal sera and three representative horse sera are shown in Fig. 3A and B, respectively. The adult horses had been challenged with virulent R. equi 2 weeks prior to serum collection and were shown to be immune (see Materials and Methods) (26) . Similar to the initial serum tested, sera from all six animals reacted with five distinct protein bands in the12-to 24-kDa range of the 48-h CFS blot (Fig. 3 , lanes CFS). When reacted with the 48-h pellet antigen, all sera recognized the characteristic 15-to 17-kDa doublet attributed to VapA (Fig. 3, lanes P) . Again, the migration pattern of proteins identified in CFS was different from the pattern of proteins identified in the bacterial pellet. Sera from the foals, but not sera from the immune adults, also recognized a small number of CFS proteins that migrated at higher molecular masses, between 55 and 99 kDa (Fig. 3A, lanes CFS) . However, the number and migration pattern of these higher-molecular-mass proteins were not consistent for all foals.
Presence of plasmid-associated proteins in R. equi CFS. The R. equi virulence plasmid is required for the bacterium to replicate and survive within the phagosome and to cause clinical disease in foals (14) . Therefore, the 48-h CFS from both the plasmid-bearing strain R. equi ATCC 33701 and the plasmid-cured strain R. equi ATCC 33701 PC were probed with sera from immune adult horses to determine whether the lowmolecular-mass immunogenic protein bands were associated with the virulence plasmid. The distinct 12-to 24-kDa protein bands that were present in CFS from the plasmid-bearing strain were not detected in the CFS from the plasmid-cured strain (Fig. 4) . These results support the hypothesis that the 12-to 24-kDa immunogenic proteins in CFS are encoded by genes on the virulence plasmid or the hypothesis that the expression of these proteins is regulated by genes on the virulence plasmid. The CFS from both the plasmid-cured strain and the virulent strain produced two to four protein bands at calculated molecular masses between 45 and 98 kDa that reacted with the sera from adult horses, although the reactivity was inconsistent (Fig. 4) .
Identification of secreted proteins VapC, VapD, and VapE in R. equi CFS. To demonstrate that the VapA surface protein was not present in the 48-h CFS and to confirm that the 15-to 17-kDa protein in the 48-h pellet antigen recognized by the equine sera was in fact VapA, an immunoblot was probed with a monoclonal antibody to VapA (Fig. 5A) . The characteristic 15-to 17-kDa VapA doublet was present in the lane containing the bacterial pellet (Fig. 5A, lane 5) but did not appear in the lane containing the CFS preparation (Fig. 5A, lane 4) . Interestingly, however, the anti-VapA monoclonal antibody also reacted with a group of protein bands in the low-molecularmass region of the CFS. The 48-h CFS contained six protein bands at 11, 12, 13, 17, 21, and 24 kDa, which are the predicted molecular masses of molecules that were reactive with the monoclonal antibody (Fig. 5A, lane 4) . The monoclonal antibody did not react with any protein migrating in the highermolecular-mass region of the immunoblot. As expected, no protein bands were identified when the anti-VapA antibody was used to probe CFS or pellet antigen from a plasmid-cured derivative of R. equi virulent strain ATCC 33701 (data not shown).
A previous study showed that VapA is not excreted into the medium and is therefore present only in bacterial pellet preparations (11). However, one explanation for the presence in R. equi CFS of proteins that are reactive with the anti-VapA antibody is shedding of VapA from the bacterial surface, possibly due to cleavage. An alternative explanation is active secretion of additional virulence-associated proteins related to VapA. The Vap proteins are encoded by a family of genes clustered in the pathogenicity island of the R. equi virulence plasmid. Recent work has shown that the 10G5 monoclonal antibody binds an epitope within a conserved region shared by multiple Vap proteins (42) .
To further characterize R. equi CFS for the presence of secreted Vap proteins, the 48-h CFS was probed with monospecific rabbit antisera to VapC, VapD, and VapE (11) (Fig.  5B) . These previously identified proteins are coordinately regulated with VapA (11). All three monospecific antisera recognized protein bands present in the CFS (Fig. 5B) and not in the pellet (data not shown). The anti-VapC and anti-VapD antisera reacted with bands at 12 and 15 kDa, respectively. Additionally, the anti-VapE antiserum identified a triplet, the dominant band of which migrated at 17 kDa. The protein bands identified by anti-VapC, anti-VapE, and possibly anti-VapD comigrated with protein bands recognized by equine serum (Fig. 5B) . (18) . The R. equi CFS specificity of lymphocytes recovered from BALF of three immune adult horses was evaluated in proliferation assays prior to challenge (day 0) and 1 week after challenge (day 7). Cells were stimulated with pokeweed mitogen, R. equi CFS, and (as a positive control) SRA, which contains VapA. The negative controls included DMEM-BHI (growth medium alone) and C. pseudotuberculosis CFS. Proliferation was evaluated by measuring incorporation of [ 3 H]thymidine and was expressed in counts per minute. Prior to challenge, there was no significant difference in proliferation between antigen-stimulated BALF cells and nonstimulated BALF cells (Fig. 6A ). This result also indicates that none of the antigens used had a mitogenic effect. In contrast, BALF cells obtained at day 7 postchallenge specifically proliferated in response to R. equi CFS and SRA, and the responses were significantly greater than the R. equi-specific responses before challenge (P Ͻ 0.01) (Fig. 6B) . Additionally, the R. equi CFSspecific and SRA-specific responses after challenge were significantly greater (P Ͻ 0.05 and P Ͻ 0.01, respectively) than the proliferative responses of BALF cells stimulated with DMEM-BHI and C. pseudotuberculosis CFS, as well as the proliferative responses of nonstimulated BALF cells at day 7 (Fig. 6B) . BALF cells from all the horses proliferated when they were stimulated with pokeweed mitogen (data not shown).
R. equi CFS-specific IFN-␥ expression by BALF cells. Prior to challenge and on day 7 after challenge with R. equi, BALF cells were analyzed by real-time RT-PCR to detect expression of IFN-␥ transcripts. Cells were stimulated for 24 h with R. equi CFS, C. pseudotuberculosis CFS, R. equi SRA, and DMEM-BHI as the growth medium control. The efficiency of the realtime PCR was Ͼ0.90 (data not shown). The cytokine transcript levels were normalized by determining the level of GAPDH transcripts for each sample. The data were expressed as mean normalized levels of IFN-␥ expression for each of three horses to more clearly demonstrate individual variation. On day 0, the mean normalized IFN-␥ transcript levels for all three horses were low for all antigen-stimulated cells (Fig. 7) . However, in one horse the IFN-␥ mRNA levels for R. equi SRA-stimulated cells were significantly greater than the levels for cells stimulated with DMEM-BHI and C. pseudotuberculosis CFS, as well as the levels for nonstimulated cells (horse 44; P Ͻ 0.01) (Fig.  7B) . Importantly, on day 7 postchallenge the mean normalized IFN-␥ transcript levels for cells stimulated with R. equi CFS and R. equi SRA for all three horses were significantly greater than the levels on day 0 (P Ͻ 0.001). Furthermore, after challenge the R. equi CFS-and SRA-specific IFN-␥ transcript levels were significantly greater than the levels for cells stimulated with DMEM-BHI, C. pseudotuberculosis CFS, and medium alone (nonstimulated) for each horse (P Ͻ 0.01) (Fig. 7) .
DISCUSSION
Based on the phylogenetic relationship of R. equi to M. tuberculosis and the observation that both organisms reside inside macrophages, we hypothesized that immune recognition of secreted antigens plays an important role in clearance of R. equi. Specifically, we proposed that these molecules are actively secreted by live bacteria within the phagosome, where they have the potential to enter major histocompatibility complex class I, major histocompatibility complex class II, and/or nonclassical pathways (1, 8, 24, 33) . We further proposed that following processing, presentation of these antigens to T-lymphocytes in the lungs and draining lymph nodes leads to or contributes to immune clearance by stimulating a type 1-like immune response. Since initial identification of the most promising secreted immunogens of M. tuberculosis was accomplished by using CFS from bacteria grown extracellularly and antibodies (2, 30, (32) (33) (34) , we set out to develop a system to produce and characterize R. equi CFS.
Like M. tuberculosis CFS, R. equi CFS antigen is a complex mixture of bacterial proteins, which have been partially defined at this point. Equine antibodies were used to identify CFS proteins that were immunogenic in horses. Although different culture conditions may have influenced the composition of CFS, the CFS produced for use in our experiments did contain immunogenic proteins, as shown by equine antibody recognition. Importantly, the induction of antibodies in infected foals and horses also demonstrated that these proteins are expressed in vivo. Therefore, the use of antibodies allows initial identification of potentially important immunogens.
Ten to twelve CFS proteins were identified based on their migration in SDS-PAGE gels and their reactivities with equine sera in immunoblots. The most interesting of these CFS antigens was a group of five proteins that migrated between 12 and 24 kDa and were recognized by all equine sera. These proteins also appeared to be reactive with a monoclonal antibody that binds an epitope shared by multiple Vap proteins. Our failure to detect any of the 12-to 24-kDa bands in CFS from a plasmid-cured strain suggested that these low-molecular-mass CFS proteins are either encoded by or regulated by the R. equi virulence plasmid. Significantly, R. equi CFS contained VapC, VapD, and VapE, which are low-molecular-mass proteins that are encoded by genes in the pathogenicity island of the virulence plasmid and have previously been shown to be secreted. Furthermore, equine sera recognized proteins comigrating with VapC, VapE, and possibly VapD in immunoblots. Together, these data suggest that the immunogenic proteins identified in R. equi CFS are produced during natural infection, are recognized by immune adult horses, and are associated with the R. equi virulence plasmid.
Importantly, T-lymphocytes obtained from the lungs of adult horses following immune clearance of virulent R. equi proliferated in response to CFS antigen and produced IFN-␥. Although the correlation is imperfect, the induction of IFN-␥ remains the best predictor of antigens that are capable of inducing significant protection in animal models of tuberculosis (4, 33, 44) . There is substantial evidence that clearance of R. equi infection, like clearance of M. tuberculosis infection, requires a type 1-like T-lymphocyte response and that immune clearance is mediated by IFN-␥ secretion. For example, a neutralizing antibody to IFN-␥ blocked clearance of R. equi in immunocompetent mice that normally clear a pulmonary challenge (22) . Furthermore, adoptive transfer of an R. equi-specific Th1 cell line producing IFN-␥ into susceptible mice resulted in clearance of R. equi infection from the lungs. In contrast, in susceptible mice infused with an R. equi-specific Th2 cell line producing interleukin-4 and not IFN-␥ there was no clearance and pulmonary lesions developed (23) .
The CFS-specific induction of IFN-␥ in the lungs of immune adult horses postchallenge also matches what is known about the requirements for immunity to R. equi. Previous work has demonstrated that when horses are challenged with plasmidcured R. equi, there is a lack of IFN-␥ production by pulmonary T-lymphocytes when these horses are compared to horses challenged with plasmid-bearing R. equi (20) . Additionally, live virulent R. equi, rather than killed or avirulent R. equi, elicits protective immunity to R. equi infection (40) . Thus, the IFN-␥ response described in this study may have been stimulated by R. equi CFS proteins expressed in association with the virulent genotype, including proteins encoded by the virulence plasmid. Furthermore, M. tuberculosis research has indicated that lowmolecular-mass CFS proteins with molecular masses between 6 and 31 kDa initially identified by antibodies proved to be important T-lymphocyte antigens in pulmonary tuberculosis (2-4, 6, 33, 35) . Therefore, the pulmonary T-lymphocyte response identified in immune horses may also have been stimulated by the low-molecular-mass, plasmid-associated CFS proteins identified by equine antibodies.
The data reported here support our hypothesis that secreted antigens found in R. equi CFS are targets of the protective immune response in horses. The next steps in characterizing the targets of this protective immune response are to identify the specific proteins in CFS that stimulate IFN-␥ production and to determine the contribution of proteins encoded by the virulence plasmid. Once specific CFS antigens capable of inducing an immunodominant response in immune horses are identified, their abilities to effectively stimulate protective immune responses when they are used to immunize naïve foals can be investigated. Although an efficacious vaccine may ultimately include both nonsecreted and secreted proteins, the observations made in this study provide a strong rationale for further study of R. equi CFS antigens as vaccine candidates.
